1 . Introduction. -Magnesium fluoride, MgF,, like MnF2 and ZnF2, assumes the tetragonal rutile structure, a striking feature of which is the presence of open channels along the crystallographic c-axis. The defect structure of Li' doped crystals has proved to be of great interest. Recently it was found that Lit diffuses sufficiently rapidly into MgFz that it is possible to dope a high purity crystal by diffusing in LiF from the vapor in a sealed tube. The major defect in a LiF-doped sample at room temperature and below is found to be a symmetric Li'-LiC dumbbell, lying on the basal plane, in which two Li' ions replace a single MgZf [I, 21 . This defect gives rise to a characteristic internal friction peak, observed for samples oriented in the ( 100 ) direction when excited in flexural or longitudinal vibration [I] . The Li content can then be monitored by measuring the height of the peak, which was shown to be proportional to the total lithium concentration, cLi.
Previous ionic conductivity studies of nominally pure and LiF-doped MgF, and MnF2 crystals [3] were plagued by extraneous impurities introduced during crystal growth, with 02-as probably the major offender. The object of the present work is to study both Lif diffusion and ionic conductivity associated with the presence of Li', starting from high purity (Harshaw) crystals. The purpose of the study is to obtain an understanding of the defect structure of Lif -doped MgF, at elevated temperatures, and in particular, of the role of Li+ interstitials which should be able to migrate readily down the open channels. In this work, we also make use of the anisotropy of the MgF, structure by measuring transport properties in directions both parallel and perpendicular to the c-axis of the crystal.
2. Diffusion measurements. -Two types of diffusion experiments were carried out, as follows :
a) The in-diflusion experiment. -In this case a crystal block was sealed in a quartz tube with LiF powder and heated for a given time and temperature. The block was then cut up and internal friction specimens prepared from material at different depths. The diffusion coefficient, D, was calculated from the solution to Fick's law for a semi-infinite medium with a constant concentration at the boundary (obtained from the LiF-MgF, phase diagram).
b) The out-dz$iuusion experiment. -This experiment begins with a slab having a given LiF concentration which is then heated for given time and temperature in vacuum or flowing argon. For the boundary condition we assume C L~ = 0 at the surface. In order to obtain D, the internal friction peak height was measured before and after the out-diffusion. Some corrections were required to take into account the concentration gradient present in the sample before and after diffusion. This method has the advantage that D is calculated only from a ratio of two internal friction peak heights. 2) The anisotropy of D is not high, with
only,--a factor of 3.
3) The activation energy is not well determined, but the high temperature results for Dil lie on the straight line shown, corresponding to A corresponding line for the D, data is difficult to draw, although the indication is that it falls nearly parallel to that for D 11.
3. Conductivity measurements. -Li-doped samples were produced by in-diffusion. The electrical properties of each conductivity sample containing sputtered metallic electrodes was measured on a conventional a.c. bridge as an effective conductance, G, in parallel with a capacitance, C. Examination of these two parameters as a function of frequency, f, shows that in general they are not constants, as illustrated for one sample in figure 2. Usually the curve of conductance versus Iog f shows two or three plateaus. Such dispersion behavior can be interpreted in terms of an equivalent circuit composed of several parallel R-C units in series with each other. To separate these components, we have used complex impedance and complex admittance-analysis [4 figure 3 . This includes data for pure as well as LiF-doped samples, and for the conductivity both parallel and perpendicular to the c-axis. The principal results may be summarized as follows :
1) oil very strongly increases with Li* doping, even at very low ( -1 ppm) levels of cii. 2) o, also increases with cLi but less strongly than o 11. Correspondingly, the anisotropy ratio o ll lol is much higher for Li-doped than for the undoped samples.
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3) There are two characteristic apparent activation enthalpies for the doped samples, viz., 1.35 and 0.88 eV. The steep& slope is obtained from the oil data at low cLi and at the low& temperatures.
4. Discussion. -Some guidance for interpretation of these results comes from the computer calculations by Catlow et al. [6, 21 of defect energies in MgFz and MnF2. Specifically, they find that the formation enthalpy H, of the Schottky trio is lower than that of Frenkel defects, although a correction to their original paper gives a rather high value for Hs(-6 eV) [7] . They also show that substitutional (Li,) and interstitial lithium ions (Lii) have a large binding energy (1.2 eV) to form the dumbbell Liz pair. It is then reasonable that Li,, produced by dissociation of these pairs, are the charge carriers that determine oil by migrating down the c-axis channels.
The conductivity data for high purity MgFz and MnFz samples show extrinsic behavior (region 11) at the lower temperatures merging into a steeper region which is most likely the intrinsic range (region I). From these results, values of Hs/3 = 0.74 eV for MnF2 and about 0.80 eV for MgFz are obtained, both considerably lower than the predicted values [7] .
To interpret the behavior of Li-doped samples, we introduce two defect reactions and their corresponding mass-action relations. . To these equations must be added equations for Li conservation, charge conservation, and Schottky equilibrium. Because of the absence of any conductivity range attributable simply to Li, migration (region 11), and on the basis of the theoretical calculations [2] , HA is expected to be high. It is therefore reasonable to take c, = cLi/2 in the temperature range in which o is measured.
Combining these equations, we find two cases of interest for the concentration ci (which determines oI1). In the region of low cLi and/or low temperature, c, is taken to be constant and assumed to be much greater than c, and c,. The product of equations (1) and (3) and therefore that the activation enthalpy of the conductivity is Hdll = (HA + 4 ) / 2 + H? (4) where H,* is the activation enthalpy for interstitial migration along the c-axis channels. On the other hand, at high cLi and/or T, we find that c, 1 . c, (anion vacancy concentration) and that these concentrations are B ci, c,. Accordingly, we obtain
These two values of H,,, correspond to the experimentally observed slopes of 1.35 and 0.88 eV, respectively, in figure 3 . A reasonable and consistent set of numbers derived from these results is : H, = 2.4, HA = 1.2, HI = 0.7 and Hy = 0.4 eV.
The conductivity o, of Li-doped samples may be determined either by the lateral jump of Lii (out of its c-axis channel) or by the anion vacancies which result from the conversion reaction (2) (i.e. from the excess of Li, over Li,). Further data on the variation of o, with cLi should help to decide this question.
Finally the fast diffusion shown in figure 1 is not ascribable to the dominance of Lii migration, as shown by the low anisotropy ratio DII/D, In fact, since both Li, and Lii carry a net charge, this is a case of ambipolar diffusion [8] controlled by migration of the slower species, viz., Li,. This diffusion then requires cation vacancies. At the high temperatures, diffusion is apparently controlled by the intrinsic vacancy content, and therefore, the rapid diffusion is due to the low Schottky formation enthalpy in this system. Below 800 OC, the downward break observed can then be attributed to the increase in anion vancancies (extrinsic) due to the excess of Li, over Lii, and the corresponding suppression of the V, concentration as a consequence of the Schottky equilibrium.
